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Abstract

The influence of biochar on the soil structure and aggregate stability has been debated in previous studies. To probe the action of
biochar on soil aggregates, a 5-year field experiment was implemented in the brown earth soil of northeastern China. We
determined the aggregate distribution (>2000 um, 250-2000 pum, 53-250 um, and <53 pum) and organic carbon (OC) and
organo-mineral complex contents both in the topsoil (0-20 cm) and within the soil aggregates. Three treatments were studied as
follows: control (basal application of mineral NPK fertilizer), biochar (biochar applied at a rate 0f2.625 t ha '), and stover (maize
stover applied at a rate of 7.5 t ha '), and all treatments received the same fertilization. The biochar and stover applications
decreased the soil bulk and particle densities significantly (p <0.05) and enhanced the soil total porosity. Both amendments
significantly (p < 0.05) enhanced the total OC, heavy OC fractions, and organo-mineral complex quantities in the bulk soil as well
as in all the studied aggregate fractions. Biochar and stover applications promoted the formation of small macroaggregates. A
greater amount of organic matter was contained in the macroaggregates, which led to the formation of more organo-mineral
complexes, thereby improving soil aggregate stability. However, the different mechanisms underlying the effect of biochar and
stover on organo-mineral complexes need further research. Biochar and stover applications are both effective methods of
improving the soil structure in Northeast China.
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ical, and biological processes (Peng et al. 2015). Soil structure
can influence plant growth and change the soil organic carbon
(SOC) content, regulate water transport, promote nutrient re-
tention, and also provide habitats for biota; therefore, it is an
important property affecting soil fertility and quality (Peng
et al. 2015). Soil aggregates represent the base elements of
soil structure, and the composition and distribution of these
aggregates are important indicators of soil structure
(Baiamonte et al. 2019; Six et al. 2000b). Soil aggregates
could provide physical protection for SOC, which plays a
binding agent role and is a vital substance in the aggregation
process. The organic carbon (OC) contained in soil is approx-
imately 3.3 times that contained in the atmospheric carbon
pool (Lal 2004), and nearly 90% of the SOC is located in soil
aggregates in the topsoil (Jastrow 1996). Organo-mineral
complexes and soil aggregates have been shown to represent
potential mechanisms underlying long-term carbon storage in
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soil (Huang et al. 2019; Weng et al. 2017). Soil organic matter
stabilization occurs through several mechanisms, e.g.,
enclosing by mineral surfaces, insetting into layered mineral
crystalline sheets, hydrophobic bonding, cation bridging, an-
ion exchange, ligand exchange, Coulombic attraction, and van
der Waals attraction (Bai et al. 2017; Sokol et al. 2019).
Nevertheless, heightening SOC content and thus improving
the forming of organo-mineral complexes and soil aggregates
are an effective step for enhancing soil quality (Zhang et al.
2015).

The most popular practice of crop residue management in
Northeast China is to burn them in the field. This practice
produces large amounts of ash and smoke, which pollute the
environment. An alternative environmentally friendly man-
agement approach can be turning crop straw into biochar
and returning the product to soils to improve the SOC content.
Biochar is the carbon-rich solid product of waste biomass
pyrolysis performed in an anoxic environment (Chen et al.
2019b; Lehmann et al. 2011). Biochar can be used as a soil
conditioner to enhance carbon sequestration (Li et al. 2018)
and lessen greenhouse gas emissions (Lu et al. 2019); it has
also been shown to dilute the bioavailabilities of heavy metals
(Chen et al. 2019a; Xia et al. 2019; Yang et al. 2017) and
organic contaminants (He et al. 2018; Qin et al. 2018) and
improve the soil nutrient supply (Li et al. 2019), thereby in-
creasing crop yields and quality (Nie et al. 2018). Biochar also
increases the cation exchange capacity (CEC) (Wu etal. 2012)
and pH (Chen et al. 2019b) of soils, and it improves soil
enzymatic and microbial activities (Palansooriya et al.
2019), in turn promoting crop growth. Biochar as an amend-
ment is known to enhance soil structure by increasing aggre-
gate stability (Wang et al. 2017). However, these findings are
inconclusive because some reports have suggested that bio-
char has no effect or a negative effect on soil aggregates
(Borchard et al. 2014; Rahman et al. 2017). These inconsistent
phenomena are related to different crop residue feedstocks,
soil types and environments. Specially, the influence of maize
stover and its biochar among different SOC fractions in dif-
ferently sized soil aggregates remains largely unknown.

SOC can be classified as light fraction organic carbon
(LFOC) and heavy fraction organic carbon (HFOC) based on
its density. The LFOC is free OC, an important component of
labile OC, and is mainly derived from crop residues and
decaying animal bodies (Christensen 2010). The LFOC is not
stored for long periods of time because it is easily degraded. The
HFOC exists in the form of organo-mineral complexes, which
are not easily degraded and are thus more stable than LFOC. The
HFOC portion can occupy up to 91% of the total SOC (Kleber
et al. 2015). It can therefore be assumed that different organic
material inputs could have different effects on the production of
organo-mineral complexes in the field (Li and Wu 2012).

Brown earth is the main soil type in Liaoning Province of
China (Gao et al. 2018). This area is situated at one of the three

golden maize (Zea mays L) belts of the world and is the major
cereal cultivating area in China (Yang et al. 2017a").
Historically, little organic amendments have been utilized to
the brown earth soil in this region. Although biochar as a soil
conditioner has considerable benefits, there have been few
studies on the effect of biochar on soil structure in the brown
earth region. The effects of biochar on the organo-mineral
complexes in this soil have never been studied. Therefore,
we designed a long-term field experiment (5 years) involving
maize stover and stover-derived biochar incorporation to as-
sess the soil aggregates and organo-mineral complexes. The
purpose of this study was to survey the long-term influences
of maize stover and its biochar on (1) soil bulk density (BD),
particle density (PD), and soil total porosity (TP); (2) soil
water-stable aggregates and their stability; (3) SOC and soil
organo-mineral complexes; and (4) the SOC and organo-
mineral complexes within differently sized aggregates.

Materials and methods
Experimental site

A 5-year field experiment was implemented from May 2013
to October 2017 at a long-term field station of the Liaoning
Biochar Engineering and Technology Research Center,
Shenyang Agricultural University (41°49'N, 123°33'E). The
location receives approximately 705 mm of annual precipita-
tion. The average minimum and maximum temperatures were
— 25 and 35.3 °C during the experimental period. This region
is situated in Northeast China, Liaoning Province. The exper-
imental site has a warm, semi-humid climate. The soil type in
this region is brown earth, and the soil is classified as a Hapli-
Udic Cambisol according to the Food and Agriculture
Organization (FAO) classification system (An et al. 2015;
Yang et al. 2017a). The frost-free period is approximately
150 days, while the entire growth period is 130~150 days.
The annual precipitation during the entire growth period is
547 mm, and the average temperature is 20.7 °C (Lan et al.
2015). The type of agriculture in Liaoning Province is dry
land rain-fed agriculture. The fundamental characteristics of
the topsoil (0-20 cm) before the experiment are presented in
Table s1. During the past 5 years, spring maize was continu-
ously grown at this site with one harvest per year. The mineral
fertilizers applied annually contained urea (120 kg N ha "),
calcium superphosphate (60 kg P,Os ha '), and potassium
sulfate (60 kg K,O ha ). All fertilizers were applied once
before sowing the seeds.

Maize stover and biochar

Maize stover was gathered from the experimental field, then
chopped into sections with a length of 50~70 mm. The maize
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stover biochar used in this experiment was supplied by
Jinhefu Agriculture Development Company, Liaoning,
China. The biochar was produced in a vertical kiln at 350—
550 °C for 90 min. The properties of the maize stover and
maize stover biochar are listed in Table s1.

Experimental design

The field experiment included three treatments: control (no
amendments), biochar (biochar applied at a rate of
2.625 t ha '), and stover (maize stover applied at a rate of
7.5 tha '). Regarding the carbon content, the applied amount
of maize stover was almost equal to the stover biomass per
year per hectare, and the biochar dosage was decided based on
35% productivity in the kiln after pyrolysis. Maize stover
pieces and biochar powder (passed through a 2-mm sieve)
were applied annually on the soil surface by hand before
conducting rotary tillage of the plots. Spring maize was seeded
in May and gathered at the end of September each year. The
seeding rate was approximately 60,000 plants per hectare. A
randomized block design with three replicates was used in the
field experiment, and each plot had an area of 3.6 m x 10 m.

Soil sample preparation and analysis

After five growing seasons, in October 2017, topsoil (0—
20 cm) samples were collected. Undisturbed soil samples
(020 cm) were used to analyze soil aggregates collected in
each plot, and the undisturbed soils were collected by a profile
method (dig a profile, cut the undisturbed soil to a vertical
depth of 20 cm, and then hold the samples in aluminum box-
es). Subsamples were collected from five randomly selected
locations in all plots and then mixed to make one complex
sample. The undisturbed soils were brought to the laboratory
and air-dried during which visible stones and plant debris
were removed. Then, soils were then passed through an 8-
mm sieve. The wet-sieving method was used to evaluate the
soil aggregate content (Elliott 1986). Briefly, 50 g of air-dried
soil was submersed in distilled water for 5 min on the top
screen of the nested sieves. The sizes of the sieves were
2000 pum, 250 um, and 53 um. Four aggregate size fractions
were acquired: large macroaggregates (>2000 pum), small
macroaggregates (250-2000 pum), microaggregates (53—
250 pum), and the silt and clay fraction (<53 wm). The sieves
were shifted up and down by approximately 3 cm for 15 min,
with approximately 20 strokes min'. The aggregate fractions
remaining on each sieve were washed into aluminum boxes,
oven-dried at 60 °C for 48 h, weighed, and placed in plastic
bags. The soil BD was measured by the soil core and cutting
ring method (Luo et al. 2016). The liquid pycnometer method
was used to analyze PD (Walia and Dick 2018). The soil was
air-dried in the laboratory, then sieved through 2-mm and 1-
mm sieves. Subsamples were also sieved through a 0.15-mm
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mesh to determine the SOC contents by an elemental analyzer
(Elementar Macro Cube, Langenselbold, Germany). The soil
organic fractions were determined by the relative density
method (Fu et al. 1983). Briefly, 5 g of air-dried soil (<
1 mm) was placed aside in a 100-ml centrifuge tube of known
weight with 25 ml of sodium iodide aqueous solution
(1.7 g cm ). After shaking the mixture for 1 h and centrifug-
ing at 3000 rpm for 10 min, the supernatant was filtered and
the floating material was washed with deionized water. The
sodium iodide solution was collected for recycling. The pro-
cedure was repeated twice. The leftover contents in the cen-
trifuge tubes, which consisted of the heavy fraction, were
washed twice with deionized water, oven-dried at 40 °C,
weighed, and kept in plastic bags for further analysis. The
SOC content in the heavy fraction was determined by an ele-
mental analyzer as mentioned earlier.

Calculation and statistical analysis

The soil aggregate content was determined as follows:

Wi

R; =30 (1)

where R; represents the soil aggregate fraction (%) and W, is
the weight of each soil aggregate fraction (g).

The stability of soil aggregates has traditionally been
assessed by calculating the mean weight diameter (MWD),
geometric mean diameter (GMD), macroaggregate content
(R-150), and fractal dimension (D). The formulae for these
parameters are as follows:

Y XiWi
MWD = =120 2
i Wi @)
n Anx
GMD = EXP 72’:,} Wi nx] (3)
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20 Xmax

where x; is the mean diameter of every soil aggregate size

(mm), w; is the weight percentage of every soil aggregate size

(%), and M. 55 is the weight of the macroaggregates (g).
Total porosity (TP) was calculated as follows:

BD
Total porosity = (1_ﬁ> x 100% (6)

where BD refers to soil bulk density and PD refers to the soil
particle density.
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The soil organo-mineral complex index was calculated fol-
lowing Fu et al. (1983):

HC x H
QC = =X MM 100% (7)
HC x Hm
DC = — XMy
C=gop s X 100% (8)
QAC = MQ-SQ (9)
~ MQ-SQ
DAC =& (10)

where HC is the heavy SOC (%), Hm is the content of the
heavy fraction (g), m is the weight of the sample (g), QC refers
to the quantity of organo-mineral complexes in the soil (%),
DC is the degree of organo-mineral complexes (%), QAC
refers to the quantity of additional complexes (%), DAC refers
to the degree of additional complexes (%), MQ represents the
quantity of QCs under the biochar and stover treatments (%),
SQ represents the quantity of QCs under the control treatment
(%), MC refers to the SOC under the biochar and stover treat-
ments (%), and SC refers to the SOC under the control treat-
ment (%).

The relative contribution of SOC within different aggregate
fractions was calculated as follows:

Relative contribution

_ SOC within aggregate x Aggregate content (%) (1
B soC

All data gathered in this research are presented as the
mean + standard deviation. We used one-way analysis of
variance (ANOVA) to test the differences in soil parame-
ters among the treatments. The least significant difference
(LSD) method was also used to test for differences among
treatments (p < 0.05).

Results
Soil bulk density, particle density, and total porosity

In this 5-year experiment, biochar and maize stover treatments
both decreased the BD significantly (P < 0.05), and compared
to the control, the BD decreased by 4.6 and 6.1% in the bio-
char and stover treatments, respectively (Table 1). The PD also
changed. Biochar and stover decreased the PD significantly
(p <0.05) compared with the control, although their effects
were not significantly different between the amendment treat-
ments (Table 1). Although biochar decreased the BD and PD,
the TP did not vary after the 5-year experiment; conversely,
stover increased the TP significantly after the experimental
period (Table 1).

Table 1  Effect of maize stover and its biochar on soil bulk density,
particle density and total porosity

Treatment BD (g cm73) PD (g cm > ) TP (%)
Control 1.31+£0.01a 2.55+0.01a 48.63+0.41b
Biochar 1.25+0.01b 248+0.01b 49.53+0.42b
Stover 1.23+0.01b 2.49+0.01b 50.60 +=0.42a

BD bulk density, PD particle density, TP total porosity

Distinct lowercase letters indicate significant differences (p < 0.05)
among the treatments in each column

Soil aggregates and their stability

Biochar and maize stover affected the water-stable aggre-
gate composition and soil aggregate stability (Fig. I,
Table 2). No remarkable differences were observed in
the large macroaggregate (>2000 um) fraction among
the treatments. Compared to the control, biochar and sto-
ver improved the 250-2000 pum fraction by 14.91 and
55.69%, respectively. However, the microaggregate frac-
tion was the smallest under the stover treatment and not
significantly different between the control and biochar
treatments. Finally, the silt and clay fractions (<53 pm)
in the treatments exhibited the following order: control >
biochar = stover, indicating that biochar and stover both
increased the large macroaggregates, and the effect of sto-
ver was stronger than that of biochar.

The MWD was not significantly different among the
treatments after the 5-year experiment, and the values
changed from 1.60 to 1.70 mm (Table 2). The GMD in
the treatments exhibited the following order: stover = bio-
char > control treatments, and that under biochar and stover
treatments was 23.91 and 37.72% higher than that under
the control, respectively, indicating that biochar and stover
increased soil aggregate stability. Biochar and stover treat-
ments both increased the R.>s50.m values (macroaggre-
gates), with the following order of R. ,s50,m values: sto-
ver > biochar > control, and the values under the biochar
and stover treatments were 7.98 and 22.52% higher than
those of the control, respectively (Table 2). The D values
exhibited a different trend from the other data, with an
order of control > biochar > stover (Table 2). The order
showed that organic input decreased the D value and that
stover had a stronger impact on soil structure than biochar.

Soil organic carbon, heavy fraction organic carbon,
and organo-mineral complexes

The SOC content was noticeably affected by biochar and
maize stover applied as a soil amendment after five consecu-
tive growing seasons. The SOC content increased by 24.21
and 34.49% under biochar and stover treatments, respectively
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Fig. 1 Effect of maize stover and its biochar on soil water-stable aggregates and organic carbon within soil aggregates. Distinct lowercase letters indicate

differences (p < 0.05) among the treatments in one aggregate size class

(Table 3). The HFOC showed a trend similar to that of the
SOC (stover > biochar > control), being 20.77 and 40.11%
higher under the biochar and stover treatments than under
the control, respectively (Table 3). Biochar and stover im-
proved the QC by 19.45 and 40.42%, respectively (Table 3).
The DC in the biochar treatment was the lowest, and that in the
stover treatment was the highest. The QAC increased with
increasing SOC concentration. The DAC had the same ten-
dency as the QAC in the biochar and stover treatments; the
QAC under the stover treatment was approximately two times
that under the biochar treatment, and the DAC was signifi-
cantly greater under the stover treatment than under the bio-
char treatment (Table 3).

SOC content and organo-mineral complexes
within aggregate fractions

The distribution of SOC associated with water-stable aggre-
gates was significantly impacted by the biochar and stover
treatments (Fig. 1). Biochar and stover both significantly en-
hanced the SOC content in differently sized aggregates (p

Table2 Effect of maize stover and its biochar on water-stable aggregate
stability

Treatment MWD (mm) GMD (mm) R, 550 ym (%) D

Control 1.60+£0.04b 043+0.04b 55.10+1.27c 2.47+0.04a
Biochar 1.70+0.07a  0.56+0.04a 59.14+1.53b 2.40+0.03b
Stover 1.66+0.02ab 0.59+0.0la 64.85+0.69a 2.30+0.01c

MWD mean weight diameter, GMD geometric mean diameter, R 250 yum
macroaggregate content, D fractal dimension

Distinct lowercase letters indicate differences (p < 0.05) among the treat-
ments in one column

@ Springer

< 0.05). The SOC within large macroaggregates (>
2000 pum) increased by 21.22 and 35.68% in the biochar and
stover treatments, respectively, and that within small macro-
aggregates increased by 49.19 and 45.13%, respectively. The
microaggregate fraction had the lowest SOC content of all
aggregate sizes, with a 10.82 and 23.88% higher SOC under
the biochar and stover treatments than under the control, re-
spectively. The silt and clay fraction in the stover treatment
had the highest SOC content, and the SOC concentration was
improved by 64.99% compared to that of the control. In con-
trast, the SOC concentration of this fraction under biochar
improved by only 23.40% compared to the control treatment.

In general, the SOC contribution in the large macroaggre-
gate fraction exhibited the following order: biochar =con-
trol > stover (Fig. 2). For the small macroaggregates, the
SOC contribution rate was the highest under the stover treat-
ment, followed by the control and biochar treatments. For the
microaggregate fraction, the SOC contribution rate exhibited
the following order: biochar = control > stover. Moreover, in
the silt and clay fraction, the order was control > stover >
biochar.

The HFOC concentration in each aggregate fraction had
the same tendency as the HFOC in the bulk soil. These data
might be explained by the increased organic material input in
the aggregates. The QC in different aggregate fractions had
the same tendency as the HFOC. These results show that
biochar and stover additions both increased the QC in differ-
ent aggregate fractions. The DC in the large macroaggregate
fraction was not significantly different from that in other frac-
tions, although the DC in the microaggregate fraction was the
highest among all fractions. In each fraction, the QAC in the
stover treatment was higher than that under the biochar treat-
ment. The change in DAC differed among fractions; in the
small macroaggregate fraction, the stover treatment had a
higher DAC than the biochar treatment, and in the other
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Table 3  Effect of maize stover and its biochar on soil organic carbon
(SOC) content, heavy fraction organic carbon (HFOC) content, quantity
of organo-mineral complexes (QC), degree of organo-mineral complexes

(DC), quantity of additional complexes (QAC), and degree of additional
complexes (DAC) in the bulk soil

Treatment SOC (%) HFOC (%) QC (%) DC (%) QAC (%) DAC (%)
Control 1.08+0.11¢c 0.91+0.12¢ 0.91+0.12¢ 84.54+1.15b - -

Biochar 1.34+0.06b 1.0940.16b 1.0940.16b 81.30+1.21c 0.18+0.03b 67.91+624a
Stover 145+0.12a 1.2840.29a 1.2840.29 88.26 +1.99a 03740.03a 99.06+7.75b

All data are shown as the mean + standard error (n = 3). Different lowercase letters in the same column indicate significant differences (p < 0.05). Distinct
lowercase letters indicate differences (p < 0.05) among the treatments in one aggregate size class

fractions, the DAC had a stronger effect under the biochar
treatment than the stover treatment (Table 4).

Discussion

Effect of maize stover and biochar on bulk density
and total porosity

In previous studies, biochar and stover used as soil amend-
ments both decreased the soil BD (Getahun et al. 2018; Li
et al. 2018; Xu et al. 2018), and the results of our study cor-
roborate those reports. Compared to the initial BD in 2013
(Table 1), the BD in the control showed no changes after 5-
year field experiment, whereas the BD in the biochar and
stover treatments decreased significantly. The effect of biochar
and stover on BD might be explained by the decreased PD
when the soil matrix was diluted by biochar and stover, which
are lower density materials, and the increase in macropores
between aggregates; thus, the different amendments to the soil
also changed the PD (Pranagal et al. 2017). In this study, PD
decreased significantly with the input of biochar and stover,

60
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a a

Relative contribution of organic carbon (%)

>2000

250-2000 53-250

Aggregate size class (um)

<53

Fig. 2 Relative contributions of organic carbon in different aggregate
fractions. The lowercase letters above columns indicate differences (p
< 0.05) among the treatments within each aggregate size class

although significant differences in PD were not observed be-
tween the biochar and stover treatments. Soil porosity is im-
portant for crops because of its immediate impact on soil aer-
ation and root growth (Walia and Dick 2018). Biochar addi-
tion enhanced soil porosity in some previous studies (Obia
et al. 2016), and biochar’s effect on the soil TP mainly de-
pends on the addition rate of biochar (Glab et al. 2018). In the
present study, biochar had no obvious effect on the TP, which
might primarily be associated with the low application rate of
biochar because the porosity of biochar was remarkably
higher than that of stover before pyrolysis. Therefore, further
investigations are still required to explore the effect of differ-
ent biochar dosages on the TP in brown earth.

Effect of maize stover and biochar on soil aggregates
and aggregate stability

Among the three treatments, biochar and stover application
had a higher proportion of small macroaggregates and lower
proportions of silt and clay fractions (Fig. 1); thus, our results
demonstrate that the amendments enhanced the formation of
macroaggregates after 5-year field experiments. Moreover,
these amendments also improved the soil aggregate stability
in the present study. The aggregate stability was reflected by
the MWD, GMD, R, »50 ;um» and D value, with the MWD and
GMD showing no remarkable differences between the biochar
and stover treatments, which is an expected result because soil
aggregate stability is a key indicator for soil erodibility (Six
et al. 2000a). This phenomenon revealed that biochar and
maize stover promoted the microaggregate fraction and silt
and clay fraction to cluster into macroaggregates. Therefore,
the R, 550 um values were enhanced by the amendments in our
study. However, the effect of biochar and stover had different
effects on the soil aggregates in our study. Biochar application
had a higher proportion of microaggregates than the control
and stover treatments, while stover application had a higher
proportion of the small macroaggregate fraction than the con-
trol and biochar treatments. These research findings are con-
sistent with many previous studies (Du et al. 2016; Zhang
et al. 2017); however, the mechanisms are not well under-
stood. Several potential mechanisms might explain the
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Table 4 Effect of maize stover

and its biochar on heavy fraction Aggregate Treatment HFOC (%)  QC (%) DC (%) QAC (%) DAC (%)
organic carbon (HFOC) content, size (um)
quantity of organo-mineral
Complexes ((QC)7 degree of >2000 Control 0.82+0.47¢c 0.82+0.05¢ 75.61 £4.29a — -
organo-mineral complexes (DC), Biochar 094+042b 0.94+0.04b 71.15+£3.18a  0.15+0.04b  64.63+£9.02a
quantity of additional complexes Stover 1034053 10340052 69.81+358  021+£00la  52.99+3.04b
(QAC), and degree of additional
complexes (DAC) in different 250-2000 Control 0.87+0.32¢ 0.87+0.03¢  78.08 £2.86a - -
aggregate size fractions Biochar 1.01+0.30b  1.01+0.03b  60.73+1.83c 0.14+0.06b  25.46+2.16b
Stover 1.11+£0.09a 1.11£0.0la  68.50+0.56b 024+0.04a 47.27+7.83a
53-250 Control 0.81+£0.09c 0.81£0.0lc 83.86+095b  — -
Biochar 0.92+0.19b 0.92+0.02b 86.77+1.83a 0.124+0.02b  113.65+7.59a
Stover 1.01+£0.15a 1.01+0.02a 84.49+129ab 0.20+0.02a 87.09+9.86b
<53 Control 0.78+0.13¢  0.78+0.0l1c  74.96+122a  — -
Biochar 0.93+0.12b  0.93+0.01b  72.53+0.98a 0.15+0.01b  62.17+3.04a
Stover 1.03+£0.12a  1.03+0.01a  60.10£0.72b 025+0.0la 37.25+0.39b

different effects between biochar and maize stover on soil
aggregates. First, most of the OC from maize stover is bio-
available OC, which can be easily used by microorganisms
(Huang et al. 2018). Moreover, biochar is recalcitrant due to
its chemical and biological stability (Singh et al. 2012).
Second, the carbon input differs between these two amend-
ments, with maize stover presenting higher carbon input than
biochar in our study.

Effect of maize stover and its biochar on soil organic
carbon, heavy fraction organic carbon,
and organo-mineral complexes

Compared to the basic SOC content before the field experi-
ment (Table s1), the SOC content hardly changed in the con-
trol treatment but increased significantly with the application
of stover and biochar in our study (Table 3). The highest SOC
content was discovered in the stover treatment because of the
higher carbon input with the stover treatment compared with
biochar (i.e., 3.22 t C ha ' per year and 1.73 t C ha ' per year,
respectively). In a previous study that implemented equal total
carbon inputs, the biochar application had a higher SOC con-
tent than the stover application due to the high stability of
biochar carbon (Zhang et al. 2019). Although stover might
have a relatively higher decomposition rate than biochar, the
higher SOC content in stover could be related to the higher
carbon input by stover. HFOC refers to the SOC fraction
consisting of organo-mineral complexes, accounting for ap-
proximately 50~90% of SOC (Whalen et al. 2000). The
highest HFOC concentration was found in the maize stover
treatment (Table 3). Our study indicated that biochar and sto-
ver both promote the formation of organo-mineral complexes
because the HFOC and QC both increased after the 5-year
experiment. These results indicate that organic material inputs
enhanced the QC, thereby promoting the formation of soil
aggregates. Biochar decreased the DC and stover increased
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the DC in our study (p < 0.05), which might be related to the
different compositions of biochar and stover. These results
were likely associated with biochar’s refractory structure and
poor ability to physically interact with the mineral fraction
compared to the stover amendment (Czimczik and Masiello
2007); moreover, the biochar carbon stability could have af-
fected the DC, which mainly depends on the clay contents and
mineral composition of the soils (Fang et al. 2018). However,
the dynamics and mechanisms of biochar and mineral interac-
tions in soils require further research (Singh et al. 2014). Chi
etal. (2014) reported that the heavy fraction and QC increased
under different long-term fertilization treatments, and DC de-
creased in the same way. These responses depended primarily
on the composition of organic material inputs and are stronger
with increased stover input (Gao et al. 2017a). The QAC and
DAC could reflect differences of soil fertility. In this study,
stover and biochar both improved the soil fertility after five-
year field experiments. This study indicated that enhancing
SOC can boost the formation of organo-mineral complexes
and then promote soil aggregation.

SOC content and organo-mineral complexes
within soil aggregate fractions

Soil macroaggregates and microaggregates impact the process
of soil carbon sequestration (Singh et al. 2019; Six et al.
2004). SOC within soil aggregates has been regarded as a
stable carbon sink in recent studies, and the formation and
stability of aggregate are connected to soil C dynamics (Gao
et al. 2017b). In this study, biochar application generated to
increase the SOC content within different aggregate fractions,
especially in macroaggregates fractions (>250 um), and the
relative contributions of organic carbon in macroaggregates
were higher than those of microaggregate, silt, and clay frac-
tions, indicating that biochar carbon could be well protected
by macroaggregates and benefited SOC sequestration (Liu
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et al. 2014). Almost all the size fractions in the stover treat-
ment had higher OC concentrations than those in the biochar
treatment because of more exogenous carbon input through
the stover (Yang et al. 2017a). These data further indicate that
organic material input increased carbon sequestration in mac-
roaggregates significantly, similar to the results reported in
previous studies (Du et al. 2016). This phenomenon indicates
that biochar and stover amendments can both increase the
macroaggregate content, thus further promoting the stability
of SOC. Macroaggregates can protect SOC from microbial
degradation and thus retain OC in soil for a long time
(Grunwald et al. 2016). In addition, the influence of biochar
on soil carbon sequestration not only depends on its stable
properties but also its contribution towards soil aggregates.
The order of the HFOC in the aggregate fractions was as
follows: stover > biochar > control. These results indicate that
organic matter addition enhanced OC in the soil, in turn im-
proving the QC and increasing the macroaggregate content. In
the present study, biochar and stover applications both in-
creased the SOC and QC. The QC increased in all aggregate
fractions with organic material input. This result indicates that
organic carbon inputs are stabilized with mineral particles in
long-term experiments. Moreover, the different composition
of organic inputs might have different mechanisms between
carbon and minerals. Therefore, the mechanisms between bio-
char and stover on the formation of organo-mineral complexes
remain unclear. A lower DC in macroaggregates indicates that
coarser OC is enclosed within the macroaggregates (Fu et al.
1983). In our study, the DC showed a different trend in differ-
ent aggregate fractions, with a lower DC indicating that coars-
er OC was protected in the small macroaggregate fraction.
This result also indicated that the amendments had a positive
effect on SOC via macroaggregates. Compared to the biochar
amendment, the stover treatment had a higher QAC in all
aggregate fractions; however, biochar had a stronger effect
on the DAC in the large macroaggregate, microaggregate,
and silt and clay fractions than the stover treatment. This result
suggests that the organic amendments improved soil aggrega-
tion and enhanced the organo-mineral complexes after the 5-
year experiment; however, the mechanisms require further
research in the future.

Conclusions

The results of this long-term field study (5 years) indicated
that maize stover and its biochar application had significant
effects on soil structure in Northeast China. Maize stover and
its biochar affected the soil structure by increasing the soil
macroaggregate content (R 250 um) and soil aggregate stabil-
ity (MWD, GMD) and decreasing the soil BD. However, dif-
ferences were not observed in the aggregate stability between
the biochar and stover treatments. In addition, the SOC and

HFOC were also increased by the biochar and stover amend-
ments. Biochar and stover application enhanced the SOC in
macroaggregates and the relative contribution of organic car-
bon in small macroaggregates. These results demonstrate that
the positive effect of biochar and stover on SOC occurs
through soil aggregation. Both biochar and stover enhanced
the QC to improve the macroaggregates contents, and the
decreased DC under the biochar application may have been
related to the stable characteristics of biochar. Our study dem-
onstrated that organic amendments enhance the formation of
macroaggregates by organo-mineral complexes, which might
protect the SOC. Additional research is required on the differ-
ent mechanisms between biochar and stover on organo-
mineral complexes. Biochar and stover applications are both
effective methods of improving the soil structure.

Funding information This study was financially supported by the
National Key Research and Development Project (No.
2017YFD0200800), the Earmarked Fund for Modern Agroindustry
Technology Research System (No. CARS-01-46), the Innovative
Talents Promotion Plan of Ministry of Science and Technology (No.
2017RA2211), the Project of Promoting Talents in Liaoning Province,
China (XLYC1802094), the Natural Science Foundation of China
(21577131, 21876027), the Natural Science Foundation of Guangdong
Province, China (2017A030311019), and the Science and Technology
Innovation Support Program for Young and Middle-aged Talents,
Shenyang (RC180204).

References

AnT, Schaeffer S, Li S, Fu S, Pei J, Li H, Zhuang J, Radosevich M, Wang
J (2015) Carbon fluxes from plants to soil and dynamics of micro-
bial immobilization under plastic film mulching and fertilizer appli-
cation using 13C pulse-labeling. Soil Biol Biochem 80:53—61

Bai Y, Xue W, Yan Y, Zuo W, Shan Y, Feng K (2017) The challenge of
improving coastal mudflat soil: formation and stability of organo-
mineral complexes. Land Degrad Dev 29(4):1074—-1080

Baiamonte G, Crescimanno G, Parrino F, De Pasquale C (2019) Effect of
biochar on the physical and structural properties of a sandy soil.
Catena 175:294-303

Borchard N, Siemens J, Ladd B, Méller A, Amelung W (2014)
Application of biochars to sandy and silty soil failed to increase
maize yield under common agricultural practice. Soil Tillage Res
144:184-194

Chen H, Yang X, Gielen G, Mandal S, Xu S, Guo J, Shaheen SM,
Rinklebe J, Che L, Wang H (2019a) Effect of biochars on the bio-
availability of cadmium and di-(2-ethylhexyl) phthalate to Brassica
chinensis L. in contaminated soils. Sci Total Environ 678:43-52

Chen W, Meng J, Han X, Lan Y, Zhang W (2019b) Past, present, and
future of biochar. Biochar 1:75-87

Chi F, Cai S, Kuang E, Zhang J, Zhou B (2014) Effect of long-term
fertilization on the organo-mineral complexation and the combined
forms of humus of black soil. J Northeast Agri Univ 45(8):20-26 (in
Chinese)

Christensen BT (2010) Physical fractionation of soil and structural and
functional complexity in organic matter turnover. Eur J Soil Sci
52(3):345-353

@ Springer



28382

Environ Sci Pollut Res (2020) 27:28374-28383

Czimezik CI, Masiello CA (2007) Controls on black carbon storage in
soils. Glob Biogeochem Cycles 21(3)

Du Z, Zhao J, Wang Y, Zhang Q (2016) Biochar addition drives soil
aggregation and carbon sequestration in aggregate fractions from
an intensive agricultural system. J Soils Sediments 17(3):581-589

Elliott ET (1986) Aggregate structure and carbon, nitrogen, and phospho-
rus in native and cultivated soils. Soil Sci Soc Am J 50(3):627-633

Fang Y, Singh BP, Luo Y, Boersma M, Zwieten LV (2018) Biochar
carbon dynamics in physically separated fractions and microbial
use efficiency in contrasting soils under temperate pastures. Soil
Biol Biochem 116:399-409

Fu J, Zhang J, Yi H (1983) The properties of colloidal complexes of
paddy soils in Taihu lake region. Acta Pedol Sin 20(2):112-128
(in Chinese)

Gao L, Becker E, Liang G, Houssou AA, Wu H, Wu X, Cai D, Degré¢ A
(2017a) Effect of different tillage systems on aggregate structure and
inner distribution of organic carbon. Geoderma 288:97-104

Gao M, Jiang T, Han X, Yang J (2018) Effects of applying biochar-based
fertilizer and biochar on organic carbon fractions and contents of
brown soil. Sci Agric Sin 51(11):2126-2135

Gao X, Sun 'Y, Zhao X, Sui B, Wang H, Zhao L (2017b) Effects of adding
corn straw on heavy fraction organic matter and organic-mineral
complex of chernozem. J Agro-Environ Sci 36(9):18292-11835
(in Chinese)

Getahun GT, Kitterer T, Munkholm LJ, Parvage MM, Keller T, Rychel
K, Kirchmann H (2018) Short-term effects of loosening and incor-
poration of straw slurry into the upper subsoil on soil physical prop-
erties and crop yield. Soil Tillage Res 184:62—67

Glab T, Zabinski A, Sadowska U, Gondek K, Kope¢ M, Mierzwa-
Hersztek M, Tabor S (2018) Effects of co-composted maize, sewage
sludge, and biochar mixtures on hydrological and physical qualities
of sandy soil. Geoderma 315:27-35

Grunwald D, Kaiser M, Ludwig B (2016) Effect of biochar and organic
fertilizers on C mineralization and macro-aggregate dynamics under
different incubation temperatures. Soil Tillage Res 164:11-17

He L, Fan S, Miiller K, Wang H, Che L, Xu S, Song Z, Yuan G, Rinklebe
J, Tsang DCW, Ok YS, Bolan N (2018) Comparative analysis bio-
char and compost-induced degradation of di-(2-ethylhexyl) phthal-
ate in soils. Sci Total Environ 625:987-993

Huang R, Tian D, Liu J, Lv S, He X, Gao M (2018) Responses of soil
carbon pool and soil aggregates associated organic carbon to straw
and straw-derived biochar addition in a dryland cropping mesocosm
system. Agric Ecosyst Environ 265:576-586

Huang X, Jia Z, Guo J, Li T, Sun D, Meng H, Yu G, He X, Ran W, Zhang
S, Hong J, Shen Q (2019) Ten-year long-term organic fertilization
enhances carbon sequestration and calcium-mediated stabilization
of aggregate-associated organic carbon in a reclaimed Cambisol.
Geoderma 355:113880

Jastrow JD (1996) Soil aggregate formatin and the accrual of particulate
and mineral-associated organic matter. Soil Biol Biochem 28(4-5):
665-676

Kleber M, Eusterhues K, Keiluweit M, Mikutta C, Mikutta R, Nico PS
(2015) Mineral—organic associations: formation properties, and rel-
evance in soil environments. Adv Agron 130:1-140

Lal R (2004) Soil carbon sequestration impacts on global climate change
and food security. Science 304(5677):1623-1627

Lan'Y, Meng J, Yang X, Jiang L, Liu Z, Liu S, Chen W (2015) Effects of
different straw incorporation ways on N20 emission and soil phys-
icochemical properties of brown soil. Chin J Ecol 34(3):790-796 (in
Chinese)

Lehmann J, Rillig MC, Thies J, Masiello CA, Hockaday WC, Crowley D
(2011) Biochar effects on soil biota — a review. Soil Biol Biochem
43(9):1812-1836

Li C, Xiong Y, Qu Z, Xu X, Huang Q, Huang G (2018) Impact of biochar
addition on soil properties and water-fertilizer productivity of

@ Springer

tomato in semi-arid region of Inner Mongolia, China. Geoderma
331:100-108

LiJ, WuJ (2012) Effect of different organic materials on specific surface
area and charge property of black soil colloid. Chin J Eco-Agric
20(7):850-854 (in Chinese)

Li Z, Song Z, Singh BP, Wang H (2019) The impact of crop residue
biochars on silicon and nutrient cycles in croplands. Sci. Total
Environ 659:673-680

Liu ZX, Chen XM, Jing Y, Li QX, Zhang JB, Huang RQ (2014) Effects
of biochar amendment on rapeseed and sweet potato yields and
water stable aggregate in upland red soil. Catena 123:45-54

Lu X, LiY, Wang H, Singh BP, Hu S, Luo Y, Li J, Xiao Y, Cai X, Li Y
(2019) Responses of soil greenhouse gas emissions to different ap-
plication rates of biochar in a subtropical Chinese chestnut planta-
tion. Agric For Meteorol 271:168-179

Luo X, Wang L, Liu G, Wang X, Wang Z, Zheng H (2016) Effects of
biochar on carbon mineralization of coastal wetland soils in the
Yellow River Delta. China Ecol Eng 94:329-336

Nie C, Yang X, Niazi NK, Xu X, Wen Y, Rinklebe J, Ok YS, Xu S, Wang
H (2018) Impact of sugarcane bagasse-derived biochar on heavy
metal availability and microbial activity: a field study.
Chemosphere 200:274-282

Obia A, Mulder J, Martinsen V, Cornelissen G, Borresen T (2016) In situ
effects of biochar on aggregation, water retention and porosity in
light-textured tropical soils. Soil Tillage Res 155:35-44

Palansooriya KN, Wong JTF, Hashimoto Y, Huang L, Rinklebe J, Chang
SX, Bolan N, Wang H, Ok YS (2019) Response of microbial com-
munities to biochar-amended soils: a critical review. Biochar 1:3-22

Peng X, Horn R, Hallett P (2015) Soil structure and its functions in
ecosystems: phase matter & scale matter. Soil Tillage Res 146:1-3

Pranagal J, Oleszczuk P, Tomaszewska-Krojanska D, Kraska P, Rozyto K
(2017) Effect of biochar application on the physical properties of
Haplic Podzol. Soil Tillage Res 174:92-103

Qin P, Wang H, Yang X, He L, Miiller K, Shaheen SM, Xu S, Rinklebe J,
Tsang DCW, Ok YS, Bolan N, Song Z, Che L, Xu X (2018)
Bamboo- and pig-derived biochars reduce leaching losses of dibutyl
phthalate, cadmium, and lead from co-contaminated soils.
Chemosphere 198:450-459

Rahman M, Zhu Q, Zhang Z, Zhou H, Peng X (2017) The roles of organic
amendments and microbial community in the improvement of soil
structure of a Vertisol. Appl Soil Ecol 111:84-93

Singh BP, Cowie AL, Smernik RJ (2012) Biochar carbon stability in a
clayey soil as a function of feedstock and pyrolysis temperature.
Environ Sci Technol 46(21):11770-11778

Singh N, Abiven S, Maestrini B, Bird JA, Torn MS, Schmidt MWI (2014)
Transformation and stabilization of pyrogenic organic matter in a
temperate forest field experiment. Glob Chang Biol 20:1629—1642

Singh M, Sarkar B, Bolan NS, Ok YS, Churchman GJ (2019)
Decomposition of soil organic matter as affected by clay types,
pedogenic oxides and plant residue addition rates. J Hazard Mater
374:11-19

Six J, Elliott ET, Paustian K (2000a) Soil structure and soil organic matter
II. A normalized stability index and the effect of mineralogy.
SoilSciSoc AmJ 64(3):1042—-1049

Six J, Elliott ET, Paustian K (2000b) Soil macroaggregate turnover and
microaggregate formation: a mechanism for C sequestration under
no-tillage agriculture. Soil Biol Biochem 32(14):2099-2103

Six J, Bossuyt H, Degryze S, Denef K (2004) A history of research on the
link between (micro) aggregates, soil biota, and soil organic matter
dynamics. Soil Tillage Res 1(79):7-31

Sokol NW, Sanderman J, Bradford MA (2019) Pathways of mineral-
associated soil organic matter formation: integrating the role of plant
carbon source, chemistry, and point of entry. Glob Chang Biol 25(1):
12-24



Environ Sci Pollut Res (2020) 27:28374-28383

28383

Walia MK, Dick WA (2018) Selected soil physical properties and
aggregate-associated carbon and nitrogen as influenced by gypsum,
crop residue, and glucose. Geoderma 320:67-73

Wang D, Fonte SJ, Parikh SJ, Six J, Scow KM (2017) Biochar additions
can enhance soil structure and the physical stabilization of C in
aggregates. Geoderma 303:110-117

Weng Z, Van Zwieten L, Singh BP, Tavakkoli E, Joseph S, Macdonald
LM, Rose TJ, Rose MT, Kimber SWL, Morris S, Cozzolino D,
Araujo JR, Archanjo BS, Cowie A (2017) Biochar built soil carbon
over a decade by stabilizing rhizodeposits. Nat Clim Chang 7(5):
371-376

Whalen JK, Bottomley PJ, Myrold DD (2000) Carbon and nitrogen min-
eralization from light- and heavy-fraction additions to soil. Soil Biol
Biochem 32(10):1345-1352

Wu W, Yang M, Feng Q, Mcgrouther K, Wang H, Lu H, Chen Y (2012)
Chemical characterization of rice straw-derived biochar for soil
amendment. Biomass Bioenergy 47:268-276

Xia S, Song Z, Jeyakumar P, Shaheen SM, Rinklebe J, Ok YS, Bolan N,
Wang H (2019) A critical review on bioremediation technologies for
Cr (VI)-contaminated soils and wastewater. Crit Rev Environ Sci
Technol 49:1027-1078

XuX,Pang D, ChenJ, Luo Y, Zheng M, Yin Y, Li Y, Li Y, Wang Z (2018)
Straw return accompany with low nitrogen moderately promoted
deep root. Field Crop Res 221:71-80

Yang X, Meng J, Lan Y, Chen W, Yang T, Yuan J, Liu S, Han J (2017a)
Effects of maize Stover and its biochar on soil CO2 emissions and
labile organic carbon fractions in Northeast China. Agric Ecosyst
Environ 240:24-31

Yang X, Lu K, Mcgrouther K, Che L, Hu G, Wang Q, Liu X, Shen L,
Huang H, Ye Z (2017) Bioavailability of Cd and Zn in soils treated
with biochars derived from tobacco stalk and dead pigs. J Soils
Sediment 17:751-762

Zhang J, Wei Y, Liu J, Yuan J, Liang Y, Ren J, Cai H (2019) Effects of
maize straw and its biochar application on organic and humic carbon
in water-stable aggregates of a Mollisol in Northeast China: a five-
year field experiment. Soil. Till.Res 190:1-9

Zhang M, Cheng G, Feng H, Sun B, Zhao Y, Chen H, Chen J, Dyck M,
Wang X, Zhang J, Zhang A (2017) Effects of straw and biochar
amendments on aggregate stability, soil organic carbon, and enzyme
activities in the Loess Plateau, China. Environ Sci Pollut Res Int
24(11):10108-10120

Zhang Q, Du Z, Lou Y, He X (2015) A one-year short-term biochar
application improved carbon accumulation in large macroaggregate
fractions. Catena 127:26-31

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

@ Springer



	Long-term influence of maize stover and its derived biochar on soil structure and organo-mineral complexes in Northeast China
	Abstract
	Introduction
	Materials and methods
	Experimental site
	Maize stover and biochar
	Experimental design
	Soil sample preparation and analysis
	Calculation and statistical analysis

	Results
	Soil bulk density, particle density, and total porosity
	Soil aggregates and their stability
	Soil organic carbon, heavy fraction organic carbon, and organo-mineral complexes
	SOC content and organo-mineral complexes within aggregate fractions

	Discussion
	Effect of maize stover and biochar on bulk density and total porosity
	Effect of maize stover and biochar on soil aggregates and aggregate stability
	Effect of maize stover and its biochar on soil organic carbon, heavy fraction organic carbon, and organo-mineral complexes
	SOC content and organo-mineral complexes within soil aggregate fractions

	Conclusions
	References


